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ABSTRACT 
Pa th f i nde r  i s  a research and technology p r o j e c t ,  w i t h  s p e c i f i c  
de l i ve rab les ,  i n i t i a t e d  by t h e  Na t iona l  Aeronaut ics and Space Admin i s t ra t i on  
(NASA) which w i l l  s t rengthen t h e  technology base o f  t h e  Uni ted States c i v i l  
space program i n  p repara t i on  f o r  f u t u r e  space e x p l o r a t i o n  missions. 
Pa th f i nde r  begins i n  F i s c a l  Year 1989, and i s  t o  advance a c o l l e c t i o n  o f  
c r i t i c a l  technologies f o r  these missions and ensure technology readiness f o r  
f u t u r e  n a t i o n a l  dec i s ions  regard ing e x p l o r a t i o n  o f  t h e  s o l a r  system. 
The f o u r  major t h r u s t s  o f  Pa th f i nde r  are:  Surface Exp lo ra t i on ,  In-Space 
Operations, Humans-in-Space, and Space T rans fe r .  The Space Transfer  t h r u s t  
w i l l  p rov ide  t h e  c r i t i c a l  technologies needed f o r  t r a n s p o r t a t i o n  t o ,  and 
r e t u r n  from, t h e  Moon, Mars, and o t h e r  p lane ts  i n  t h e  So la r  System, as w e l l  as 
f o r  r e l i a b l e  and c o s t - e f f e c t i v e  E a r t h - o r b i t  operat ions.  A key element o f  t h i s  
t h r u s t  i s  t h e  Chemical T rans fe r  Propuls ion program which w i l l  p rov ide  t h e  
p ropu ls ion  technology f o r  h igh  performance, l i q u i d  oxygen / l i qu id  hydrogen 
expander c y c l e  engines which may be operated and maintained i n  space. These 
advanced engines w i l l  enhance o r  enable a v a r i e t y  o f  f u t u r e  space e x p l o r a t i o n  
missions. 
This paper descr ibes t h e  program overview i n c l u d i n g  t h e  goals and 
o b j e c t i v e s ,  management, t e c h n i c a l  p lan, and technology t r a n s f e r  f o r  t h e  
Chemical Transfer  Propuls ion element o f  Pa th f i nde r .  
INTRODUCTION 
PROJECT PATHFINDER O V E R V I E W  
American leadersh ip  on t h e  space f r o n t i e r  requ i res  aggressive programs i n  
technology development. Technological  advance w i l l  be c r i t i c a l  t o  programs 
f o r  f u t u r e  space e x p l o r a t i o n  missions (Ref. 1 ) .  These missions may inc lude  an 
i n t e n s i v e  study o f  t h e  Earth, a r e t u r n  t o  t h e  Moon, p i l o t e d  missions t o  Mars, 
and t h e  con t inu ing  r o b o t i c  e x p l o r a t i o n  o f  t h e  S o l a r  System (Ref. 2 ) .  The 
technologies needed f o r  success i n  these ventures a r e  many and var ied.  The 
Na t iona l  Aeronaut ics and Space A d m i n i s t r a t i o n  (NASA), recogn iz ing  t h a t  i t  must 
i n t e n s i f y  and broaden t h e  scope o f  i t s  research and technology program t o  
p rov ide  t h e  range o f  t e c h n i c a l  op t i ons  and evaluate techno log ica l  readiness i n  
s e l e c t  areas t o  enable f u t u r e  space e x p l o r a t i o n  missions, i s  i n i t i a t i n g  
P r o j e c t  Pa th f i nde r .  
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P r o j e c t  Pa th f i nde r  i s  a research and technology i n i t i a t i v e  which w i l l  
s t rengthen t h e  technology base o f  t h e  Uni ted States c i v i l  space program i n  
p repara t ion  f o r  f u t u r e  space e x p l o r a t i o n  missions. Path f inder  i s  a long-term 
program o f  bo th  research and demonstrations which begins i n  F i s c a l  Year 1989. 
I t  i o  managed by t h e  NASA O f f i c e  o f  Aeronaut ics and Space Technology (OAST) 
and has t h e  goals  t o  advance a c o l l e c t i o n  o f  c r i t i c a l  technologies f o r  f u t u r e  
space miss ions and t o  ensure technology readiness f o r  f u t u r e  n a t i o n a l  
d a t l s i o n s  regard ing  e x p l o r a t i o n  o f  t h e  So la r  System (Ref. 3 ) .  
Path f inder  i s  organized i n t o  f o u r  p r o g r a m t i c  t h r u s t s :  1) Surface 
Exp lora t ion ,  2) In-Space Operations, 3)  Humans-in-Space, and 4) Space 
Transfer ,  as shown i n  F igure  1. The Surface Exp lo ra t i on  t h r u s t  w i l l  p rov ide  
t h e  c r i t i c a l  technologies needed f o r  ga ther ing  s c i e n t i f i c  and engineer ing 
da ta  f o r  r o b o t i c  and p i l o t e d  miss ions t o  t h e  Moon, Mars and o the r  p lanets  i n  
t h e  So la r  System. Technologies needed f o r  E a r t h - o r b i t  s tag ing  and 
operat ions,  as w e l l  as p lane ta ry  operat ions,  w i l l  be prov ided i n  t h e  In-Space 
Operations t h r u s t .  The Humans-in-Space Thrust  w i l l  p rov ide  technology and 
understanding needed t o  ensure sa fe  and produc t ive  human space e x p l o r a t i o n  
missions. F i n a l l y ,  t h e  Space Trans fer  t h r u s t  w i l l  p rov ide  c r i t i c a l  
technology f o r  t r a n s p o r t a t i o n  to ,  and r e t u r n  from, t h e  Moon, Mars, and o t h e r  
p lane ts  i n  t h e  So la r  System, as w e l l  as f o r  r e l i a b l e  and c o s t - e f f e c t i v e  
Ear th -o rb i t  operat ions (Ref 4 ) .  
Chemical Trans fer  Propuls ion i s  a key element o f  t h e  Space Trans fer  
t h r u s t  and w i l l  p rov ide  t h e  technology f o r  high-performance, l i q u i d  
o x y g e d l i q u i d  hydrogen expander c y c l e  engines f o r  space-based t r a n s f e r  
veh ic les ,  as w e l l  as f o r  Lunar and Mars landers.  
CHEMICAL TRANSFER PROPULSION PROGRAM O V E R V I E W  
MISSION STUDIES AND TECHNOLOGY REQUIREMENTS 
I n  i t s  r e p o r t  t o  NASA i n  1987, t h e  Committee on Advanced Space Technology 
o f  t h e  Na t iona l  Research Counci l  recommended t h a t  advanced p ropu ls ion  
technologies f o r  f u t u r e  space miss ions be a f fo rded  t h e  h ighes t  p r i o r i t y  o f  
RLD a c t i v i t y  w i t h i n  NASA. Recognizing t h a t  p ropu ls ion  i s  a pacing i t e m  f o r  
f u t u r e  space e x p l o r a t i o n  missions, t h e  committee suggested t h a t  NASA pursue a 
s t rong program lead ing  t o  t h e  des ign and development o f  reusable cryogenic 
and l o n g e v i t y  (Ref. 5 ) .  The NASA O f f i c e  o f  Aeronaut ics and Space Technology 
has responded w i t h  t h e  Chemical Trans fer  Propuls ion element o f  Path f inder ,  
which w i l l  p rov ide  t h e  technology necessary t o  c o n f i d e n t l y  proceed w i t h  the  
development o f  h igh  performance l i q u i d  oxygen/ l iqufd hydrogen expander c y c l e  
engines f o r  f u t u r e  space e x p l o r a t i o n  missions, as w e l l  as t o  f u l f i l l  t h e  
o r b i t  t r a n s f e r  r o l e  i n  Ear th  space. 
I t r a n s f e r  v e h i c l e  engines w i t h  fea tures  o f  f a u l t  to le rance,  h igh  r e l i a b i l i t y  
NASA's p lann ing  f o r  f u t u r e  e x p l o r a t i o n  o f  t h e  s o l a r  system inc ludes  
unmanned (p recursor )  and manned miss ions t o  Mars and i t s  moons, as w e l l  as a 
resumption o f  manned missions t o  t h e  Moon t o  e s t a b l i s h  Lunar observa tor ies .  
A p o r t i o n  o f  t h e  cos t  f o r  these missions depends on launch veh ic le  and 
on -o rb i t  f u e l  requirements.  One o f  t h e  keys t o  reducing cos t  i s  t o  minimize 
the  p r o p e l l a n t  mass i n  low-Earth o r b i t  requ i red  t o  achieve a t r a n s f e r  
t r a j e c t o r y ,  t o  accomplish o r b i t  i n s e r t i o n ,  t o  e f f e c t  a p lane ta ry  landing,  and 
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t o  r e t u r n  t o  Earth.  Launch o f  t h e  many m i l l i o n s  o f  pounds requ i red  f o r  
v i r t u a l l y  a l l  f u t u r e  space e x p l o r a t i o n  miss ion  scenar ios may be a f f o r d a b l e  
on l y  i f  advanced p ropu ls ion  systems can be made a v a i l a b l e  (Ref.  5 ) .  Reduced 
p r o p e l l a n t  requirements i n  o r b i t  t r a n s l a t e  t o  s u b s t a n t i a l  c o s t  savings 
because fewer Ear th - to -o rb i t  v e h i c l e  launches a r e  requ i red  t o  accomplish t h e  
mlssion. For example, i n  t h e  case o f  a manned Mars mission, an increase o f  
35 seconds o f  engine s p e c i f i c  impulse saves t h e  c o s t  o f  a t  l e a s t  two 
E a r t h - t o - o r b i t  v e h i c l e  launches. 
f n - o r b i t  p r o p e l l a n t  mass requirements i s  t h e  development o f  high-performance 
chemical t r a n s f e r  engines. 
A key enabl ing technology t o  g r e a t l y  reduce 
Another key t o  reduced c o s t  i s  t o  develop reusable t r a n s f e r  stages t h a t  
a r e  based i n  and operated f rom low-Earth o r b i t ,  a r e  operated i n  low-Earth 
o r b i t  (LEO) t o  geosynchronous o r b i t  (GEO) space, and a r e  used i n  t h e  
e x p l o r a t i o n  missions. Technologies t h a t  w i l l  enable automated i n - o r b i t  
ope ra t i on  (such as r e f u e l i n g ,  maintenance, se rv i c ing ,  and p r e f l i g h t  systems 
checkout, as w e l l  as f a u l t - t o l e r a n t  i n - f l i g h t  opera t ion)  a re  c r i t i c a l  t o  t h e  
successful  development and use o f  space-based v e h i c l e  systems. In teg ra ted  
c o n t r o l s  and h e a l t h  mon i to r i ng  systems w i l l  be requ i red  f o r  such f a u l t  
t o l e r a n t  engines which w i l l  be repeated ly  operated and maintained i n  space. 
The NASA O f f i c e  o f  Exp lo ra t i on  (OEXP) i s  c u r r e n t l y  s tudy ing  several  
m iss ion  scenarios t o  p rov ide  recomnendations and a l t e r n a t i v e s  f o r  an e a r l y  
1990's n a t i o n a l  dec i s ion  on a focused program f o r  human e x p l o r a t i o n  o f  t h e  
So la r  System. These miss ion  scenarios i nc lude  human exped i t ions  t o  t h e  
Mar t i an  moon Phobos, human exped i t ions  t o  Mars, human tended Lunar 
observator ies,  and an evo lu t i ona ry  expansion f rom a Lunar outpost  t o  Mars 
e x p l o r a t i o n  (Ref. 6 ) .  A p r e l i m i n a r y  s e t  o f  p ropu ls ion  technology 
requirements generated by OEXP f o r  these miss ion  scenarios i s  presented i n  
Table I. Requirements f o r  these p ropu ls ion  systems inc lude :  1 )  f a u l t  
t o le rance  and h i g h  r e l i a b i l i t y ,  2) space basing, long  l i f e ,  and space 
m a i n t a i n a b i l i t y ,  3 )  man r a t i n g ,  4)  r e u s a b i l i t y ,  r e s t a r t  c a p a b i l i t y ,  and 
checkout be fore  reuse, 5)  d iagnos t i c  c a p a b i l i t y  ( i n t e g r a t e d  c o n t r o l s  and 
h e a l t h  mon i to r i ng ) ,  and 6) some l e v e l  o f  o n - o r b i t  assembly. 
TECHNOLOGY ASSESSMENT 
The o n l y  upper stage l i q u i d  oxygen/ l iqu id  hydrogen expander c y c l e  engine 
c u r r e n t l y  i n  opera t ion  i s  t h e  RLlO engine which was developed and c e r t i f i e d  
i n  t h e  l a t e  1950's and e a r l y  1960's. Two RL10A-3-3A engines a re  used on t h e  
expendable A t las  Centaur veh ic le .  The RL10A-3-3A i s  a regenera t i ve l y  cooled, 
turbopump-fed rocke t  engine t h a t  weighs approx imate ly  310 pounds and produces 
a r a t e d  vacuum t h r u s t  o f  16,500 pounds (Ref. 7) .  Wi th  a chamber pressure o f  
465 psia,  t h e  engine d e l i v e r s  moderate performance (444.4 seconds s p e c i f i c  
impulse a t  m ix tu re  r a t i o  o f  5 : l  us ing  a 61:l area r a t i o  nozzle),  has l i m i t e d  
t h r o t t l i n g  c a p a b i l i t y  ( w i t h  s i g n i f i c a n t  performance p e n a l t i e s )  and no 
on-board d iagnos t i cs .  
veh ic les .  
It was designed f o r  and i s  o n l y  used on expendable 
I n  t h e  e a r l y  1970's. NASA i n i t i a t e d  a technology program d i r e c t e d  toward 
an advanced l i q u i d  oxygen/ l iqu id  hydrogen upper stage engine, as shown i n  
F igure  2. 
u t i l i z i n g  a staged combustion c y c l e  f o r  very h i g h  pressure, h igh  performance 
The program i n i t i a l l y  focused on an advanced space engine 
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operation. The Advanced Space Engine technology program was carried through 
component verification testing, at which time it was decided that a liquid 
oxygen/liquid hydrogen expander cycle engine would better satisfy future 
m i s s i o n  requirements. The Orbital Transfer Rocket Engine technology program, 
which began in the early 198O's ,  focused on advanced component technologies 
for high performance (high pressure), reusable liquid oxygen/liquid hydrogen 
expander cycle engines which would be space based and man-rated. 
were focused on technologies for high-speed turbomachinery, 
hlgh-heat-transfer combustors, large-area-ratio nozzles, and health 
monitoring systems. The basic proof-of-concept of advanced, high-performance 
liquid oxygen/liquid hydrogen expander cycle components was only partially 
demonstrated during this program, which has given way to the Chemical 
Transfer Propulsion Program. Some limited testing of turbomachinery and 
health monitoring components (sensors) in a breadboard engine was also 
conducted. 
Efforts 
What remains to be accomplished in order to confidently proceed with the 
development of an advanced high performance liquid oxygen/liquid hydrogen 
expander cycle engine for future space exploration missions is: 1 )  the 
validation testing of engine components, 2) integration and testing of 
components assembled into an engine system (to study component interactions, 
system transients, system dynamics, and health monitoring/control systems), 
and 3) the verification of design and analysis methodologies at both the 
engine component and engine system level. Pathfinder Chemical Transfer 
Propulsion is a focused program intended to elevate technology readiness (to 
Level 6 as shown in Table 11) by bridging the technology gap between basic 
research and technology efforts conducted to date (Level 3) and the eventual 
development of advanced liquid oxygen/liquid hydrogen engines for space 
transfer vehicles. 
CHEMICAL TRANSFER PROPULSION PROGRAM GOALS AND OBJECTIVES 
The goal of the Chemical Transfer Propulsion Program is t o  provide the 
technology necessary t o  confidently proceed, in the 1990's. with the 
development of high-performance, liquid oxygen/liquid hydrogen expander cycle 
engines for future space exploration missions. Major program objectives are: 
( 1 )  Proof-of-concept demonstration of a high performance, liquid 
oxygen/liquid hydrogen expander cycle in a test bed engine system, 
including: 
(a) Validation of high pressure, high performance expander cycles 
(b) InvestigatZon of engine system icteractions, transients, 
dynamics, control functions, and health monitoring techniques 
( 2 )  The validation of a design and analysis methodologies to support the 
development of future, high performance liquid oxygen/liquid 
hydrogen expander cycle engines including; 
(a) Assembly and validation of analytical methodologies for the 
design of advanced liquid oxygen/liquid hydrogen expander cycle 
engine components and systems 
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(b )  V a l i d a t i o n  o f  design concepts f o r  h igh  performance, 
space-based, t h r o t t l e a b l e  l i q u i d  oxygen/ l iqu id  hydrogen 
expander c y c l e  engines 
( 3 )  Mission-focused components i n t e g r a t e d  i n t o  a focused-technology t e s t  
bed engine t o  demonstrate t h e  h i g h  performance, l i q u i d  oxygen/ l iqu id  
hydrogen expander c y c l e  engine system technology t h a t  i s  t o  be the  
bas is  f o r  f u t u r e  space engine development 
(4 )  Resul ts  o f  p ropu ls ion  s tud ies  conducted t o  d e f i n e  f i r m  p ropu ls ion  
requirements and t o  t rade  p ropu ls ion  system performance, 
con f igu ra t i on ,  opera t ing  c h a r a c t e r i s t i c s ,  and t h e  a t t r i b u t e s  t h a t  a r e  
key t o  long-term space t r a n s p o r t a t i o n  i n f r a s t r u c t u r e s  (space-basing, 
reuse, man-ratlng, f a u l t  t o le rance )  
TECHNICAL APPROACH 
A t  t he  present  t i m e ,  f u t u r e  space e x p l o r a t i o n  miss ion  scenar ios have n o t  
been de f ined t o  a p o i n t  where f i r m  p ropu ls ion  requirements e x i s t .  However, 
technology goals  f o r  an advanced l i q u i d  oxygen/ l iqu id  hydrogen space engine 
which support  t he  range o f  f u t u r e  miss ion  op t ions  a re  presented i n  Table 111. 
The major t e c h n i c a l  issues f o r  an advanced l i q u i d  oxygen/ l iqu id  hydrogen 
expander cyc le  engine which w i l l  be addressed i n  the  Chemical Trans fer  
Propul s i  on Program a re  : 
(1)  High performance: 
High performance engine opera t ion  (Goal o f  490 lb f -sec/ lbm vacuum 
s p e c i f i c  impulse) 
( 2 )  Deep t h r o t t l i n g :  
Continuous and s t a b l e  engine opera t ion  f rom ra ted  t h r u s t  t o  perhaps 
5% (20:l vacuum t h r u s t  t h r o t t l i n g  r a t i o )  w i t h  minimum performance l o s s  
( 3 )  Reusability: 
S p e c i f i c a t i o n s  o f  t h e  number o f  s t a r t s  and the  number o f  hours o f  
ope ra t i ona l  l i f e ,  as w e l l  as t h e  number o f  s t a r t s  and hours o f  
se rv i ce - f ree  l i f e  a re  t o  be es tab l i shed;  p r e l i m i n a r y  assessments 
are:  500 s t a r t s / 2 0  hours ope ra t i ona l  l i f e ,  100 s t a r t s / 4  hours 
se rv i ce  f r e e  l i f e  
(4 )  Space Basing: 
Modular engine design f o r  space maintenance, opera t ing  
c h a r a c t e r i s t i c s  and d iagnos t i cs  and techniques t h a t  f a c i l i t a t e  
long-term storage and operat ions i n  space 
( 5 )  F a u l t  to le rance:  
F a u l t  t o le rance  i n  the  " c l a s s i c a l "  sense: t h e  p ropu ls ion  system 
s h a l l  t o l e r a t e  a g iven number o f  f a i l u r e s  w i thou t  causing a hazard, 
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o r  f a i l  o p e r a t i o n a l / f a i l  sa fe  (as an a d d i t i o n a l  requirement, t h e  
system s h a l l  t o l e r a t e  o f f -des ign  opera t ion  o f  some combinations o f  
components i n  a way t h a t  mainta ins system d u r a b i l i t y  t o  a l l o w  
complet ion o f  t h e  miss ion)  
( 6 )  Man r a t i n g  
High r e l i a b i l i t y ;  redundancy o f  a l l  c r i t i c a l  systems; design and 
opera t i ona l  safety ;  proven design standards; enable safe haven o r  
r e t u r n  
The techn ica l  approach t o  be used i n  t h e  Chemical Trans fer  Propuls ion 
Program i s  summarized i n  F igure  3 .  The program cons is t s  o f  p ropu ls ion  
s tud ies,  focused advanced component technology e f f o r t s ,  and systems technology 
a c t i v i t i e s .  Drawing on technology developed i n  t h e  O r b i t a l  Transfer  Rocket 
Engine Technology program, advanced l i q u i d  oxygen/ l iqu id  hydrogen expander 
c y c l e  engine components w i l l  be designed, f a b r i c a t e d  and t e s t e d  i n  component 
t e s t  stands. The components w i l l  then be assembled i n t o  a t e s t  bed engine f o r  
systems t e s t i n g .  I n  p a r a l l e l  w i t h  these a c t i v i t i e s ,  p ropu ls ion  s tud ies  w i l l  
be conducted t o  d e f i n e  propu ls ion  system requirements which w i l l  guide t h e  
s e l e c t i o n  o f  .focused advanced component technologies t o  be pursued i n  t h e  
program. The focused advanced engine components emerging from these e f f o r t s  
w i l l  be i n teg ra ted  i n t o  a focused-technology t e s t  bed engine. Th is  engine 
system w i l l  be tes ted  t o  complete Level 6 o f  technology readiness. 
MANAGEMENT PLAN 
OVERVIEW 
The Chemical Trans fer  Propuls ion Program i s  a focused technology program 
lead ing  t o  technology demonstrat ions o f  an advanced l i q u i d  oxygen/ l iqu id  
hydrogen expander c y c l e  engine system and engine components. The ex tens ive  
v a r i e t y  o f  work be ing performed i n  t h e  program requ i res  a management approach 
which i s  t a i l o r e d  t o  coo rd ina t i ng  and i n t e g r a t i n g  t h e  var ious  work 
a c t i v i t i e s .  The management system must ensure achievement o f  planned 
accomplishments, e f f e c t i v e  r e p o r t i n g  and c o n t r o l ,  and pe rm i t  prompt rep lann ing  
i f  requi red.  The work breakdown s t r u c t u r e ,  management s t r u c t u r e ,  program 
coord ina t ion ,  p lann ing  and documentation, r e p o r t i n g ,  and adv isory  groups f o r  
t h e  Chemical Trans fer  Propuls ion program a r e  descr ibed i n  t h i s  sec t ion .  
WORK BREAKDOWN STRUCTURE 
The Chemical Trans fer  Propuls ion program i s  d i v ided  i n t o  t h r e e  major 
research areas which a l lows work t o  be focused i n  c r i t i c a l  areas and prov ides 
a f l o w  mechanism f o r  r a i s i n g  t h e  technology t o  h ighe r  l e v e l s  o f  hardware 
d e f i n i t i o n ,  lead ing  t o  t h e  eventual  t e s t i n g  o f  an advanced l i q u i d  
oxygen/ l iqu id  hydrogen expander c y c l e  focused-technology t e s t  bed engine i n  
t h e  l a t e  1990's. The major  work packages are;  (1) Propuls ion Studies ( 2 )  
Mission-Focused Technologies and ( 3 )  Engine Systems Technologies. F igure  4 
i l l u s t r a t e s  t h e  top - leve l  work breakdown s t r u c t u r e  elements. The work f lows 
f rom one element t o  t h e  succeeding one. The propu ls ion  s tud ies  w i l l  generate 
p ropu ls ion  requirements t o  guide t h e  s e l e c t i o n  o f  mission-focused 
technologies.  Advanced engine subcomponents and components emerging f rom t h e  
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mission-focused technology e f f o r t s  w i l l  be t e s t e d  i n  an engine system i n  the  
focused-technology t e s t  bed. 
O R G A N I Z A T I O N  AND MANAGEMENT STRUCTURE 
Program management r e s p o n s i b i l i t i e s  f o r  t h e  Chemical Trans fer  Propuls ion 
Program w i l l  r e s i d e  i n  OAST's Propuls ion,  Power and Energy D i v i s i o n .  A 
Program Manager w i l l  e s t a b l i s h  o v e r a l l  p r o g r a m t i c  goals  and ob jec t i ves  and 
serve as the  f o c a l  p o i n t  a t  NASA Headquarters f o r  t h e  Chemical Transfer  
Propuls ion Program. The Chemical Trans fer  Propuls ion Program Manager w i l l  
r e p o r t  on r e g u l a r  bas is  t o  t h e  Program Manager f o r  Pa th f i nde r  as t o  the  
s ta tus ,  problems and accomplishments o f  t h e  program. 
The NASA Lewis Research Center (LeRC) w i l l  be t h e  lead center  f o r  the  
Chemical Trans fer  Propuls ion Program. As t h e  lead center ,  LeRC w i l l  assume 
f u l l  r e s p o n s i b i l i t y  o f  ach iev ing  the  goals and ob jec t i ves  o f  t h e  program, as 
w e l l  as f o r  i n t e g r a t i n g  n e x t - t i e r  assignments i n  t h e  program both  w i t h i n  LeRC 
and a t  p a r t i c i p a t i n g  Centers. 
The Lewis Research Center w i l l  p l a n  and i n t e g r a t e  Chemical Trans fer  
Propuls ion a c t i v i t i e s  and execute some p o r t i o n  of t h a t  p lan  w i t h i n  the  
Center. A P r o j e c t  Manager loca ted  a t  LeRC w i l l  be t h e  f o c a l  p o i n t  o f  a l l  
f i e l d  i n s t a l l a t i o n  a c t i v i t y  bear ing d i r e c t l y  on t h e  Chemical Trans fer  
Propuls ion Program and w i l l  be e x c l u s i v e l y  respons ib le  f o r  t h e  execut ion o f  
t h e  program. I n  essence, t h e  P r o j e c t  Manager w i l l  be respons ib le  f o r  the  
day-to-day superv is ion  and the  execut ion o f  t he  program as c a r r i e d  ou t  by 
i n d u s t r i a l  con t rac tors ,  f i e l d  i n s t a l l a t i o n  personnel, and u n i v e r s i t y  
p a r t i c i p a n t s .  These r e s p o n s i b i l i t i e s  inc lude:  1 )  t e c h n i c a l  p lanning,  2 )  
ma in ta in ing  and r e p o r t i n g  schedules, 3) p lanning,  disbursement and t r a c k i n g  of  
resources, and 4 )  f a c i l i t y  p lann ing  as requ i red .  
The Chemical Trans fer  Propuls ion Management S t ruc tu re  i s  dep ic ted  i n  
F igure  5. 
PROGRAM C O O R D I N A T I O N  
The LeRC P r o j e c t  Manager w i l l  be kept  informed and w i l l  coord ina te  
i n fo rma t ion  w i t h  the  O f f i c e  o f  Exp lo ra t i on  (OEXP),  and t h e  O f f i c e  o f  Space 
F l i g h t  (OSF), t o  assure t h a t  f u t u r e  space v e h i c l e  requirements gu ide 
p ropu ls ion  technology e f f o r t s  w i t h i n  t h e  Chemical Trans fer  Propu ls ion  
program. OEXP w i l l  d e f i n e  scenar ios f o r  f u t u r e ,  human e x p l o r a t i o n  missions i n  
t h e  So la r  System. OSF w i l l  e s t a b l i s h  space v e h i c l e  requirements f o r  these 
f u t u r e  space e x p l o r a t i o n  missions, which w i l l  gu ide t h e  development o f  
p ropu ls ion  technologies.  Miss ion and v e h i c l e  d e f i n i t i o n  w i l l  be impor tan t  i n  
determin ing p ropu ls ion  system c h a r a c t e r i s t i c s  such as; (1) minimum performance 
requirements, ( 2 )  t h r u s t  l e v e l ,  ( 3 )  t h r o t t l i n g  requirements, (4)  l i f e ,  
r e l i a b i l i t y  and r e u s a b i l i t y  requirements and ( 5 )  des ign c r i t e r i a  f o r  in-space 
engine opera t ion  and maintenance. 
W i th in  OAST, coo rd ina t i on  w i l l  be maintained w i th  the p ropu ls ion  R&T Base 
program, as app l i cab le  t o  chemical t r a n s f e r  p ropu ls ion  technologies.  E x t e r n a l  
t o  OAST, coo rd ina t i on  w i l l  a l s o  be maintained w i t h  t h e  Department o f  Defense 
through the  J o i n t  Army, Navy, NASA, A i r  Force (JANNAF) In teragency Propuls ion 
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Committee and the NASA/AF Space Technology Interdependency Group (STIG) for 
the exchange of information and technology where propulsion technologies and 
application are common. 
PROGRAM REVIEWS 
Formal reviews of the Chemical Transfer Propulsion Program will be 
canducted semi-annually; mid-way during, and near the end of, each fiscal 
year. The focus of the mid-fiscal year review will be on program content, 
status and progress versus the Project Plan. Test results, experimental and 
analytical data, and program accomplishments will be central to this review. 
The review will include an advisory cornittee for the Chemical Transfer 
Propulsion program and principal managers and technical specialists directly 
involved in the program from Headquarters (Program Manager), the lead center 
(Project Manager), participating centers, contractors and universities. 
The purpose of the review near the end of the fiscal year will be to 
evaluate the specific Project Plan against schedule, accomplishments and 
resources. During this formal review, each participating center will 
represent its area of expertise and responsibility. The lead center will be 
responsible for making an integrated assessment of progress and 
accomplishments versus the Project Plan. Special, detailed technical reviews 
will also be conducted as necessary to ensure a planned pace o f  accomplishment 
to meet the goals and objectives o f  the program and to expose any problems or 
potential malfunctions before committing the program to the next step. These 
special reviews will include: 
( 1 )  Review of design and analysis methodologies for liquid oxygen/liquid 
hydrogen expander cycle engine components/systems 
(2) Preliminary and critical design reviews for the test bed engine 
(3) Propulsion system trade studies 
(4) Technology reviews for advanced (mission-focused) engine components 
(prior to their integration into the focused-technology test bed) 
(5) Engine systems technology review (prior to integration of the test 
bed engine system into the focused-technology test bed) 
Additionally, there will be special technical reviews scheduled and 
implemented by the LeRC Project Manager. 
ADVISORY COMMITTEES 
The OAST Space Systems Technology Advisory Committee (SSTAC) and the 
Aerospace Research and Technology Subcommittee (ARTS) will be utilized for the 
Chemical Transfer Propulsion program. These advisory groups will provide 
top-level programmatic and technical guidance to the program. In addition, a 
Space Propulsion Advisory Committee will provide a more specific advisory 
function to the Chemical Transfer Propulsion Program. This committee composed 
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of p r i n c i p a l  managers and techn ica l  s p e c i a l i s t s  f rom NASA, o the r  government 
agencies, i n d u s t r y  and academe and w i l l  p rov ide  s p e c i f i c  programmatic and 
techn ica l  guidance t o  t h e  program once each year a t  t he  m i d - f i s c a l  year 
revtw. 
TECHNICAL PLAN 
TECHNICAL OVE RV I EW 
The Chemical Trans fer  Propuls ion program w i l l  evo lve fundamental l i q u i d  
oxygen/ l iqu id  hydrogen expander c y c l e  p ropu ls ion  technologies through 
component, subsystem and system hardware demonstrat ions.  Work i n  t h e  Base R&T 
program over t h e  pas t  severa l  years has been d i r e c t e d  towards e s t a b l i s h i n g  
engine design concepts capable o f  meet ing expected miss ion  requirements and 
pursu ing c r i t i c a l  technology advances necessary t o  achieve performance, l i f e ,  
and opera t i ona l  goals.  Advanced design concepts and a n a l y t i c a l  methods have 
a l s o  been developed us ing  l abo ra to ry  and s p e c i a l l y  designed t e s t  equipment. 
The Chemical Trans fer  Propuls ion program w i l l  b u i l d  on the  R&T Base by 
moving p rog ress i ve l y  through f u l l - s c a l e  component, subsystem, and system l e v e l  
v a l i d a t i o n s  and demonstrat ions.  Propuls ion s tud ies ,  miss ion  focused 
technology e f f o r t s ,  and engine system technology e f f o r t s  w i l l  be conducted, 
lead ing  t o  t h e  t e s t i n g  o f  a h igh  performance l i q u i d  oxygen/ l iqu id  hydrogen 
expander c y c l e  engine w i t h  miss ion  focus. The ob jec t i ves  and o v e r a l l  
t e c h n i c a l  approach f o r  each o f  these th ree  elements a re  descr ibed i n  the  
f o l l o w i n g  sec t ions .  
TECHNOLOGY READINESS OBJECTIVES 
The technology readiness l e v e l  o f  t he  l i q u i d  oxygen/ l iqu id  hydrogen 
expander cyc le  engine, as t h e  Chemical Trans fer  Propuls ion program i s  
i n i t i a t e d  i n  F i s c a l  Y e a r  1989, can be considered Level 3, as shown i n  Table 
11. Key components and r e l a t e d  component a n a l y t i c a l  models f o r  h igh  
performance l i q u i d  oxygen/ l iqu id  hydrogen expander cyc le  engines, such as 
pumps, tu rb ines ,  t h r u s t  chambers and h e a l t h  mon i to r i ng  devices,  have been 
designed, fabricated and tested for proof-of-concept in the Base R&T program 
over t h e  pas t  severa l  years.  With t h i s  as a s t a r t i n g  p o i n t ,  t he  Chemical 
Trans fer  Propuls ion program w i l l  design, f a b r i c a t e ,  and t e s t  components based 
on these proof-of-concept designs. These components w i l l  be t e s t e d  i n  
component t e s t  stands t o  determine expected performance and v a l i d a t e  ana lys i s  
and des ign methodologies. 
When the  technology readiness i s  be e leva ted  t o  Level 4, t he  components 
w i l l  be i n t e g r a t e d  i n t o  a t e s t  bed engine f o r  system c h a r a c t e r i z a t i o n  
t e s t i n g .  Advanced engine components emerging f rom t h e  Mission-Focused 
Technology element w i l l  be i n t e g r a t e d  w i t h  the  t e s t  bed engine t o  form a 
focused-technology t e s t  bed and e leva te  technology readiness t o  Level 5. 
System v a l i d a t i o n  o f  hardware and ana lys i s  concepts w i l l  be conducted i n  the  
focused-technology t e s t  bed i n  a s imulated space environment t o  complete Level 
6 o f  technology readiness. A t  t h i s  p o i n t  i n  the  program, i n  the  l a t e  199O's, 
t h e  goals and ob jec t i ves  of t he  Chemical Trans fer  Propuls ion program w i l l  be 
,met.  
development program. 
Va l ida ted  hardware and design methodologies w i l l  be a v a i l a b l e  t o  the  
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PROPULSION STUDIES 
Object ives.  Propu ls ion  system s tud ies  w i l l  be conducted i n  t h e  Chemical 
’Transfer Propu ls ion  Program t o  p rov ide  engine parametr ic data t o  support t he  
miss ion /veh ic le  s tud ies  being conducted by t h e  OEXP and t h e  OSF. 
w i l l  a l s o  i d e n t i f y  and assess t h e  technology requirements o f  candidate 
p ropu ls ion  systems r e s u l t i n g  f rom t h e  v e h i c l e  s tud ies .  
The studies 
Technical Approach. The i n i t i a l  p ropu ls ion  system parametr ic data 
packages needed f o r  t h e  miss ion /veh ic le  s tud ies  w i l l  be generated as a task 
under t h e  e x i s t i n g  OTV ( O r b i t  T rans fer  Vehic le)  Rocket Engine Technology 
con t rac ts  w i t h  Aero je t  Techsystems Company, P r a t t  6 Whitney, and Rocketdyne. 
These data packages w i l l  be prov ided t o  t h e  OEXP and OSF v e h i c l e  cont rac tors .  
Prov is ions  w i l l  be made t o  enable c lose  coo rd ina t i on  between v e h i c l e  and 
engine study con t rac to rs  such t h a t  t h e  impact o f  v e h i c l e  der ived  requirements 
on t h e  engine system can be assessed and t h e  r e s u l t s  u t i l i z e d  i n  the veh ic le  
t r a d e  s tud ies .  
Once p ropu ls ion  system requirements f o r  t h e  veh ic les  have been def ined, 
mission-focused p ropu ls ion  system s tud ies  w i l l  be conducted t o  op t im ize  t h e  
engine components and/or systems. 
Hission-Focused Technologies a c t i v i t y .  
These s tud ies  w i l l  be used t o  guide t h e  
Schedule o f  Mi lestones and De l iverab les .  The o b j e c t i v e s  f o r  t h i s  element 
a re  t o  support t h e  m iss ion /veh ic le  s tud ies  by OEXP and OSF and t o  implement 
t h e  r e s u l t s  o f  t h e  miss ion  v e h i c l e  s tud ies  i n t o  t h e  Chemical Transfer  
Propuls ion Program. 
Del i verab l  es a re  : 
(1 ) Engine parametr ic  data packages FY89 
( 2 )  Special  engine parametr ic  data packages FY90 
.I” ( 3 )  Mission-focused engine component requirements FY92 
( 4 )  Propuls ion t rade  s tud ies  FY92 
HISSION-FOCUSED TECHNOLOGIES 
Objec t ive .  The o b j e c t i v e  of Miss ion  Focused Technologies i s  t o  
p rov ide  m iss i ’m-spec i f i c  technology f o r  i n c l u s i o n  i n t o  t h e  Focused-Technology 
Test Bed engine t h a t  i s  scheduled f o r  1994. This technology w i l l  complement 
t h e  r e s u l t s  o f  t h e  e a r l i e r  engine technology f rom t h e  OTV e f f o r t .  
Wission-Focused Technologies w i l l  i nc lude  those issues t h a t  have no t  y e t  been 
def ined; bu t  a re  s ize,  mission, and c y c l e  s p e c i f i c .  These issues a re  no t  
being covered i n  t h e  e a r l y  engine technology e f f o r t  b u t  w i l l  be de f ined as a 
r e s u l t  o f  ongoing p ropu ls ion  s tud ies .  
The 
Technical Approach. The t e c h n i c a l  approach w i l l  be t o  de f i ne  those 
technology issues t h a t  a re  s p e c i f i c  t o  a space-based, man-rated, reusable, 
f a u l t - t o l e r a n t ,  l i q u i d  oxygen/ l iqu id  hydrogen expander-cycle engine t h a t  w i l l  
be used f o r  f u t u r e  space exp lo ra t i on .  D e f i n i t i o n  w i l l  come f rom 
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the propulsion studies. They will be the thrust level, throttleability range, 
mixture-ratio range, and size envelope. Where these aspects can not be 
defined, a broad range of values will be pursued. Up-dating of the 
configuration and cycle candidates will also be results of the propulsion 
studies. With this narrowing of configurations, the technology issues 
specific to these configurations will be identified. 
Once identified, these technology issues will be pursued both as 
individual components, and as sub-systems in a series of proof-of-concept 
tasks (Level 3). These tasks would lead next to the component validation work 
at Level 4, and ultimately to the test bed engine demonstration work at Level 
5. 
Schedule of Milestones and Deliverables. The key milestone for this 
work package is to provide demonstrated mission focused components for the 
build-up of the focused-technology test bed engine in FY94. A supplementary 
milestone is to have all of the mission-focused components available and 
characterized by FY 97. 
In order to meet these goals, several intermediate milestones can be 
listed. One is to have proof-of-concept validated mission-focused components 
(Level 3) completed in FY 92. To accomplish this, work on the mission-focused 
components must start in FY 89. 
ENGINE SYSTEMS TECHNOLOGY 
Objectives. The objectives of this work package element are: 1 )  
validation of the high pressure, high performance expander cycle concept at 
the engine system level, 2) verification of the 1989 state-of-the-art 
methodologies for design and analysis of high pressure, high performance 
expander cycle components and engine system, 3) investigation of system 
effects on component design, control functions, and health monitoring 
techniques, and 4) demonstration of advanced, mission-focused components in a 
focused-technology test bed engine. The testing of the focused-technology 
test bed engine in a simulated environment will be the demonstration of the 
chemical transfer propulsion technology base for future space exploration 
missions. 
Technical Approach. The Engine Systems Technology will consist of 
one or more contract efforts and an in-house NASA LeRC effort. 
Using the technology developed in the RbT Base in the 1980's. a 
Test bed engine design will utilize the state-of-the-art design and 
contractor or ccntractors will design, fabricate, acceptance test, and deliver 
t o  NASA LeRC advanced, high pressure, high performance expander cycle test bed 
engines. 
analysis methodologies available. These methodologies will be verified during 
contractor testing of engine components and during the NASA LeRC in-house test 
bed engine test program. 
The NASA LeRC in-house effort will be an extensive test program o f  
the test bed engine to: 
1 1  
V a l i d a t e  t h e  h i g h  pressure, h i g h  performance expander c y c l e  
concept a t  t he  engine system l e v e l  
I n v e s t i g a t e  engine system i n t e r a c t i o n s ,  t r a n s i e n t s ,  and 
dynamics and what e f f e c t  they have on mission-focused 
component designs 
I n v e s t i g a t e  engine c o n t r o l  f unc t i ons  and h e a l t h  mon i to r i ng  
techniques t o  h e l p  d i r e c t  t h e  mission-focused technology 
e f f o r t s  
V e r i f y  engine system design and ana lys i s  methodologies 
As advanced components emerge from t h e  Mission-Focused Technologies 
e f f o r t s  they w i l l  be i n t e g r a t e d  i n t o  t h e  t e s t  bed engine f o r  system l e v e l  
t e s t i n g .  I n  t h i s  manner, t h e  1989-technology t e s t  bed engine w i l l  evolve i n t o  
l a focused-technology t e s t  bed engine i n  t h e  1994-1996 t ime  pe r iod .  
I TECHNOLOGY TRANSFER PLAN 
~ 
The e f f e c t i v e  t r a n s f e r  o f  p ropu ls ion  technologies f rom t h e  research 
cen te r  t o  t h e  development cen te r  where t h e  technology w i l l  e v e n t u a l l y  be 
developed i n t o  ope ra t i ona l  systems f o r  f u t u r e  space t r a n s f e r  missions i s  
recognized as a major goal  o f  t h e  Chemical T rans fe r  Propuls ion Program. 
Planning f o r  t he  t r a n s i t i o n  o f  Chemical Transfer  Propuls ion technology t o  
advanced development i n  p repara t i on  f o r  implementation i nvo l ves  bo th  
Headquarters and t h e  f i e l d  centers .  
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Figure 2: LOXlHydrogen Upper Stage Engine History 
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Figure 3: Chemical Transfer Propulsion Technical Approach 
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Figure 5: Chemical Transfer Propulsion Management Structure 
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